oy

NASA /CR—2002-211344 ARL-CR-486

U.S. ABMY

RESEARCH LABORATORY

Design and Stress Analysis of Low-Noise
Adjusted Bearing Contact Spiral Bevel Gears

Faydor L. Litvin and Alfonso Fuentes
University of Illinois at Chicago, Chicago, Illinois

Baxter R. Mullins and Ron Woods
Bell Helicopter Textron, Inc., Fort Worth, Texas

January 2002



The NASA STI Program Office . . . in Profile

Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key part
in helping NASA maintain this important role.

The NASA STI Program Office is operated by
Langley Research Center, the Lead Center for
NASA'’s scientific and technical information. The
NASA STI Program Office provides access to the
NASA STI Database, the largest collection of
aeronautical and space science STI in the world.
The Program Office is also NASA'’s institutional
mechanism for disseminating the results of its
research and development activities. These results
are published by NASA in the NASA 5TI Report
Series, which includes the following report types:

e TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results of
NASA programs and include extensive data
or theoretical analysis. Includes compilations
of significant scientific and technical data and
information deemed to be of continuing
reference value. NASA’s counterpart of peer-
reviewed formal professional papers but
has less stringent limitations on manuscript
length and extent of graphic presentations.

» TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or
of specialized interest, e.g., quick release
reports, working papers, and bibliographies
that contain minimal annotation. Does not
contain extensive analysis.

s CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

s CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other

meetings sponsored or cosponsored by
NASA.

o SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

o TECHNICAL TRANSLATION. English-
language translations of foreign scientific
and technical material pertinent to NASA’s
mission.

Specialized services that complement the STI
Program Office’s diverse offerings include
creating custom thesauri, building customized
data bases, organizing and publishing research
results . .. even providing videos.

For more information about the NASA STI
Program Office, see the following:

s Access the NASA STI Program Home Page
at http:/[www.sti.nasa.gov

e E-mail your question via the Internet to
help@sti.nasa.gov

* Fax your question to the NASA Access
Help Desk at 301-621-0134

o Telephone the NASA Access Help Desk at
301-621-0390

e Write to:
NASA Access Help Desk !
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076



NASA /CR—2002-211344 ARL-CR-486

U.S. ARMY

RESEARCH LABORATORY

Design and Stress Analysis of Low-Noise
Adjusted Bearing Contact Spiral Bevel Gears

Faydor L. Litvin and Alfonso Fuentes
University of Illinois at Chicago, Chicago, Illinois

Baxter R. Mullins and Ron Woods
Bell Helicopter Textron, Inc., Fort Worth, Texas

Prepared under Grant NAG3-2450

National Aeronautics and
Space Administration

Glenn Research Center

January 2002



Acknowledgments

The authors express their deep gratitude to the Army Research Office, NASA Glenn Research Center,
the Bell Helicopter Company, and the Gleason Foundation for their support of this research project.

Available from
NASA Center for Aerospace Information National Technical Information Service
7121 Standard Drive 5285 Port Royal Road
Hanover, MD 21076 Springfield, VA 22100

Available electronically at http:/ /gltrs.grc.nasa.gov/GLTRS



Design and Stress Analysis of Low-Noise Adjusted
Bearing Contact Spiral Bevel Gears

Faydor L. Litvin" and Alfonso Fuentes
Gear Research Center, Department of Mechanical Engineering
University of Illinois at Chicago
Chicago, Illinois 60607-7022

Baxter R. Mullins and Ron Woods
Bell Helicopter Textron, Inc.
Fort Worth, Texas 76101

Abstract

An integrated computerized approach for design and stress analysis of low-noise spiral bevel gear drives
with adjusted bearing contact has been developed. The computation procedure is an iterative process,
requiring four separate steps that provide: (a) a parabolic function of transmission errors that is able to
reduce the effect of errors of alignment, and (b) reduction of the shift of bearing contact caused by
misalignment. Application of finite element analysis permits the contact and bending stresses to be
determined and investigate the formation of the bearing contact. The design of finite element models and
boundary conditions is automated and does not require an intermediate CAD computer program. A
commercially available finite element analysis computer program with contact capability was used to
conduct the stress analysis. The theory developed is illustrated with numerical examples.

Nomenclature

o (k=g,p) Blade angle of gear (k = g) and pinion (k = p) head-cutters

B.(i=0,1,2) Coefficients of numerically obtained polynomial function for presentation of projection
of path of contact on tangent plane T

Y (i=12) Angles of pinion (i =1) and gear (i = 2) root cones, respectively

n,(=12) Parameter for presentation of tangent to the path of contact on the pinion (i =1) and
gear (i = 2) tooth surfaces respectively

ep ,eg Surface parameters of the pinion and gear head cutters, respectively

,1f A, Surface parameters of the pinion and gear fillet parts of the head cutter

v, (i=12) Angle of rotation of the cradle in the process for generation of the pinion (i =1) or gear
(i=2)

v.(i=12) Angle of rotation of the pinion (i =1) or gear (i =2) in the process for generation

PrsP Fillet radii for the pinion and the gear

0 (i=12) Angular velocity of the pinion (i =1) or gear (i =2) (in meshing and generation)

Z(i=12) Pinion (i =1) or gear (i = 2) tooth surfaces W

T (k=p,g) Pinion (k = p) or gear (k = g) generating surfaces

*Com:sponding author. Phone: 312-996-2866, Fax: 312-413-0447, E-mail: FLitvin@uic.edu
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Ad,(9) Function of transmission errors

AD Maximal level of transmission errors

AA, AA, Pinion and gear axial displacements, respectively

AE,Ay Offset and change of shaft angle due to errors of alignment, respectively
AE, Blank offset of pinion (i =1) or gear (i =2)

AX B" Sliding base for rpiinion (i=1) orgear (i=2)

AX Dii Machine center to back for pinion (i =1) or gear (i =2)'
a,(i=0,23) Coefficients of polynomial functions A, (@, ) of transmission errors
L, Projection of path of contact on the tangent plane 7

m's, Second derivative of transmission function ¢, (¢,)

s Gear ratio

m,, Ratio of pinion roll

m,, Ratio of gear roll ===

M ' Mean contact potnt ~ - T

M ji ,L i Matrices of coordinate transformation from system S, to system § i
' NP Unit normal and normal to surface X, represented in coordinate system S,
q,(i=12) Installment angle for head-cutter of the pinion (i =1) and gear (i = 2)
Rp, Rg Head-cutter point radius for the pinion and gear S
r, Position vector represented in system S, (i =12,b,,b,,h,l,m,,m,, p,g)
5,5, Surface parameters of the pinion and gear

S, Coordinate system (i =1,2,b,,b,,h,I,m,,m,,p, g)

S , = 1,2) Radial setting of the head-cutter of the pinion (¢ =1) and gear (i =2)
i) Relative velocity at contact point (i, j =1,2,¢/,¢,, p, 8)

1. Introduction

Spiral bevel gears have found broad application in helicopter, car and truck transmissions, reducers, etc.
Design and stress analysis of such gear drives is a recent topic of research that has been performed by many
scientists [1 - 6]. Reduction of noise and stabilization of bearing contact of misaligned spiral bevel gear
drives is still a very challenging topic of research although the manufacturing companies (The Gleason
Works (USA), Klingelnberg-Oerlikon (Germany-Switzerland)) have developed analysis tools and
outstanding equipment for manufacture of such gear drives. The phenomenon of design of spiral bevel gears
is that the machine-tool settings of spiral bevel gears are not standardized and have to be specially

determined for each set of parameters of design, to guarantee the required quality of the gear drives.

A new approach is proposed for the solution of this problem that is based on the following considerations:

(1) The gear machine-tool settings are considered as given (adapted, for instance, from the Gleason
summary). The to-be-determined pinion machine-tool settings have to provide the observation of
assigned conditions of meshing and contact of the gear drive.
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(2) Low noise of the gear drive is achieved by application of a predesigned parabolic function of
transmission errors of a limited value of maximum transmission error of 6-8 arcsec. A predesigned
parabolic function of transmission errors is able to absorb almost linear discontinuous functions of
transmission errors caused by errors of alignment. Such transmission errors are the source of high
noise and vibration.

(3) The provided orientation of the bearing contact has to reduce its shift caused by the errors of
alignment of the gear drive.

(4) The design procedure developed is an iterative process based on simultaneous application of local
synthesis and TCA (Tooth Contact Analysis). The local synthesis provides assigned conditions of
meshing and contact at the mean contact point of tangency of pinion-gear tooth surfaces. The TCA
computer program can simulate the conditions of meshing and contact for the entire meshing
process.

Finite element method (FEM) is used for stress analysis and the investigation of the bearing contact. A
model of three contacting teeth complemented with the boundaries conditions is applied for the finite
element analysis (FEA). The computer program applied for FEA can be found in Reference [7].

The contact models are automated and does not require application of CAD computer programs.

Computer programs for synthesis, analysis, and automation of FEA are based on application of the same
programming language. Graphic representation of results of computation is obtained by application of a
commercially available graphic library.

2. Basic Ideas of Developed approach

Local Synthesis. The mean contact point M is chosen on gear tooth surface £, (Fig. 1). Parameters 2a,
n,,and m',, are taken at M and represent the mayor axis of the instantaneous contact ellipse, the tangent
to the contact path on gear tooth surface, and the derivative of the gear ratio function m,, =0 /0™

where @' and @'> are the angular velocities of the pinion and gear rotations. The local synthesis program
determines the pinion machine-tool settings considering as known the gear machine-tool settings and
parameters @, 11,, and m',, [8]. The program requires solution of ten equations for ten unknowns but six of

the ten equations are represented in echelon form. The algorithm of local synthesis includes relations
between principal curvatures and directions proposed in [8 - 10].

TCA (Tooth Contact Analysis). The computer program algorithm is based on conditions of continuous
tangency of pinion-gear tooth surfaces and is illustrated in Fig. 2. The TCA program determines the function

of transmission errors A¢,(¢,) and the bearing contact obtained for each iteration when the input variable

parameters a, 1], , and m'|, of the respective iteration are applied.

The computational procedure is divided into four separately applied procedures that are performed as
follows:
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Procedure I. The purpose of the procedure is to obtain the assigned orientation of the bearing contact. The
procedure is accomplished by the observation of the following conditions:

(a) The local synthesis and TCA are applied simultaneously whereas the variable parameter is m';, and
parameters @ and 7], are taken as constant. The orientation of 7], is initially chosen as a
longitudinally oriented bearing contact. The errors of alignment are taken equal to zero.

(b) Using the output of TCA it becomes possible to obtain numerically the path of contact on gear tooth
surface X, and determine its projection L, on plane T that is tangent to X, at M (Fig 1).

(c) The goal of the iterative process (accomplished by simultaneous application of local synthesis and
TCA) is to obtain lfr’” as the straight line for the process of meshing of the cycle

—n/N,<¢ <m/N,. This goal is achieved by variation of m', and the sought-for solution is
obtained analytically as follows:

(1) The numerically obtained projection L(,” is represented by a polynomial function
¥, (xm'y )= Bo(m' ) + B(m' ) x, + By (', )0 x} (D

(i) Variation of m"') (i=1,23,--,n) in the iterative process based on simultancous
application of local synthesis and TCA, enables obtaining a path of contact when 3, =0
and LV becomes a straight line. Fig. 3 shows various lines L, L' that might be
obtained, and line L,” of the desired shape.

(i)

(iii) The iterative process is directed at obtaining f3,(m', )"’ and is based on the secant method

[11] that is illustrated with Fig. 4.

Procedure 2: Procedure 1 is accomplished obtaining L as a straight line. However, the output of the TCA
for the function of the transmission errors, function A@;"(¢,) where —7/N,<¢ <rm/N,, is of

unfavorable shape and magnitude. The goal is to transform A¢s" (¢,) into a parabolic function and limit the

magnitude of maximum transmission errors. This goal is achieved by application of modified roll for pinion
generation.

Modified roll means that during the pinion generation the angles of rotation of the pinion and the cradle of
the generating machine, designated as ¥, and ¥, , respectively, are related as

WIU) (Wcl ) = mlCW('l - bZWZ!Z) - b*u/c{f) . (2)

Here m,_ is the first derivative of function ¥, (y.) at ¥ =0 that is obtained by application of local
synthesis [4]. The superscript j in Eq. (2) indicates that the j -th iteration is considered.
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The purpose of procedure 2 is the transformation of the function of transmission errors A(p;") (¢,) obtained
at the final step of Procedure 1. This goal is achieved as follows:

(i) The local synthesis and TCA computer program are applied simultaneously and the errors of
alignment of the gear drive are taken equal to zero.

(ii) The function of transmission errors A¢;" (@,) is the output of TCA obtained at the # -th iteration

of Procedure 1 and is represented numerically. We represent A¢:"(¢,) as a polynomial function
of the third order designated as

. . : ) i .3 w
A (@) =al" +a ¢ +alel +aye), ——<¢, < (3)

The designation j=1,2,---,k means that an iterative process for modification of AY."(9,) is

considered. Function A@." (¢,)=A¢;" is obtained at the final iteration of Procedure 1.

(iiiy  The goal of Procedure 2 is to transform the function of transmission errors and obtain

©) PR /4 b9

A(p? (@)= _agk)d’n T _l\f <¢ < Fl “)
1 . Y/ ’

IAQ);“((])I )lmax =ag“[—1€) =A® (5)

(iv) The goals mentioned above are obtained by variation of coefficients b’ and b;” of the function
of modified roll. The secant method is applied for this purpose whereas variations of b;j) and

b;” are performed separately and illustrated in Fig. 5.

Procedure 3: Procedures | and 2 discussed above enable to obtain: (i) a longitudinally oriented projection
L, of the path of contact and represent L, is a straight line; (ii) a parabolic function of transmission errors
with the assigned level of maximum transmission errors. However, these results have been obtained for an
aligned gear drive.

The goal of Procedure 3 is to reduce the shift of the bearing contact caused by errors of alignment and this is
achieved by the proper change of orientation of L, assigned initially in Procedure 1.

Errors of alignment of the gear drive will cause the shift of the bearing contact but they will not affect the
obtained function of transmission errors since it is a parabolic function that is able to absorb the linear
functions of transmission errors caused by misalignment [8 - 10, 12]
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Procedure 3 is performed as follows:

(i) Computer programs developed for local synthesis and TCA are again applied simultaneously, but
the expected errors of alignment are simulated.

(ii) The effect of all errors of alignment on the shift of the bearing contact is investigated separately.
The sensitivity of the shift of L, is reduced by the proper choice of parameter 1, (Fig. 1). Thus,

the variable parameter of the local synthesis in Procedure 3 is 77, .

(iii)  Application of procedure 3 causes the resultant L, to be different from the longitudinally one. The
deviation depends on the parameters of the gear drive to be designed, particularly of the gear ratio
m,, (see Section 6), and on the errors of alignment that are applied.

Procedure 4. After completion of Procedures 1, 2, and 3, the obtained pinion machine-tool settings
guarantee that the designed gear drive is indeed a low-noise gear drive with reduced sensitivity to errors of
alignment (see numerical examples in Section 6).

The goal of Procedure 4 is the stress analysis and the investigation of formation of the bearing contact
whereas the contact ratio is m_>1 (see Section 5). The approach developed for finite element analysis

(FEA) has the following advantages:

(1)  The computer language applied for automation of FEA is the same as applied for the synthesis
and analysis of the gear drive.

(2) The contacting model (formed by three teeth of the pinion and the gear and the boundary
conditions) is determined automatically. There is no need in application of intermediate CAD
computer programs to build the finite element models for application of FEA (see details in
Section 5).

3. Derivation of Equations of Gear Tooth Surfaces

Introduction. Remember at this point that the machine-tool settings for the gear are considered as given
and the to-be-derived equations allow the gear tooth surfaces to be determined. The head-cutter is provided

with blades that are rotated about the Z ¢ ~axis of the head-cutter (Fig. 6) during the process of generation.

Both sides of the gear tooth are generated simultaneously. The profile of the blade consists of two parts (Fig.
6): (i) of a straight line, and (ii) of a fillet formed by two circular arcs connected by a straight line. The

blades by rotation about the Z, -axis form the head-cutter generating surfaces.

Applied Coordinate Systems. Coordinate system S, , S, , S, are the fixed ones and they are rigidly
connected to the cutting machine (Fig. 7). The movable coordinate systems are S, and S_ rigidly
connected to the gear and the cradle, respectively. Coordinate system §_ is rigidly connected to the gear

head-cutter. It is considered that the head-cutter is a cone, and the rotation of the head cutter about the Z "

axis does not affect the process of generation. The head-cutter is mounted on the cradle and coordinate
system S, is rigidly connected to the cradle coordinate system S, The cradle and the gear perform related
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rotations about the S, -axis and the S, -axis, respectively. Angles ¥, and Y, are related and represent
the current angles of rotation of the cradle and the gear. The ratio of gear roll is designated as m,  and is

determined as

‘1V/z ‘1v/02
T 0@ ~Tar * dt ©

The installment of the tool on the cradle is determined by parameters S,,: and g, , that are called radial

distance and basic cradle angle. Parameters AX , , AE, , AX,, and ¥, represent the settings of the gear.
Figs. 7(a) and 7(b) show the installment of the head-cutter for right hand and left hand gears, respectively.

Procedure of Derivation. The head-cutter generating surface is represented in coordinate system S ¢ by

the vector function 7, (s g,9 g) where s, and Gg are the surface parameters.

The family of generating surfaces is represented in coordinate system S, rigidly connected to the gear by
the matrix equation

ry(s,,0,.0.) = M,, W,)r (s,.6,) 7
where ¥/, is the generalized parameter of motion.

The equation of meshing is represented as

fzg(sg’eg’lyl) =O (8)
is determined as [8,10]
(E)r2 ><E)r2 o _0 ©)
00, ds, | oy, ]
or as [8-10]
N, v =0 (10)
(g2)

Here N, (s, ,8 g) is the normal to the head-cutter surface represented in coordinate system § . and v, is

the relative velocity represented in S, .

Equations (7) and (8) determine the gear tooth surface by three related parameters.
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4. Derivation of Pinion Tooth Surfaces

Introduction. The two sides of the pinion tooth surfaces are generated separately. The machine-tool
settings applied for generation of each tooth side are determined separately, by application of Procedures 1,
2, and 3 mentioned above.

Profile blades of pinion head-cutters are represented in Fig. 8.

Applied Coordinate Systems. Coordinate systems applied for generation of pinion are shown in Fig. 9.
Coordinate systems S, , S, , S, are the fixed ones and they are rigidly connected to the cutting machine.

The movable coordinate systems S, and § ., arerigidly connected to the pinion and the cradle, respectively.
Systems S, and §, are rotated about the Z,,;I -axis and Z, -axis, résbéétively, and theirrrotations are related
by a polynomial function ¥, (¥/,,) wherein modified roll is applied (see below). The ratio of instantaneous
angular velocities of the pinion and the cradle is defined as m, (v, (¥, ) =" (y,)/ 0. The
magnitude m,.(y,) at ¥, is called ratio of roll or velocity ratio. Parameters AX |, , AX  , AE, .Y, are

the basic machine tool settings for pinion generation.

Procedure of Derivation. The pinion head-cutter surface is represented by vector function r,(s,.0,)

(Fig. 8) where (s p,B ) are the surface parameters.

The family of head-cutters is represented in coordinate system S, rigidly connected to the pinion by the

matrix equation
r(s,.0,.v..)=M, (¥ ir(s,0,) (an

Unlike the case of gear generation, modified roll is applied for the generation of the pinion, and function
v, (¥ ) relates the angles of rotation of the pinion and the cradle of the pinion generating machine by a

polynomial but not linear function (see Eq. (2)).

The equation of meshing is determined as
fpl(sp’ep’w:'l)=0 (12)

that is derived by application of two following alternative approaches [8 -10]:

or, _or, | on
% . =0 (13)
[BBP ds, ] o, o
or
N,-v'=0 (14)
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where IV, is the normal to pinion head-cutter surface X that is represented inS,.

Equations (11) and (12') represent the pinion tooth surfaces by three related parameters.

5. Application of Finite Element Analysis
Application of finite element analysis permits the following:

(1)  Investigation of the bearing contact when multiple sets of teeth may be in contact under load
simultaneously.

(2) Determination of the contact and bending stresses.

Application of finite element method [13] requires the development of the finite element model mesh, the
definition of possible contacting surfaces, and the establishment of boundary conditions to load the gear
drive with the desired torque. Finite element analysis is performed by application of general purpose
computer program [7].

The authors have developed a modified approach to perform the finite element analysis that has the
following advantages:

(a) The same programming language is applied for synthesis, analysis and generation of finite
element models of the gear drives. Graphical interpretation of the output is obtained by using
commercially available graphical subroutines.

(b) The generation of the finite element mesh required for FEA is performed automatically using
the equations of the surfaces of the tooth and its portion of the rim. Nodes of the finite element
mesh lying on the sections of tooth surfaces of pinion (gear) are guaranteed to be points of the
real tooth surfaces of the pinion (gear). Loss of accuracy due to the development of solid models
using CAD computer programs is avoided. The boundary conditions for the pinion and the gear
are set automatically as well.

(c) Investigation of the bearing contact for a cycle of meshing permits investigation of the influence
of the contact ratio m, (whereas the contact is formed on neighboring tooth surfaces if m_>1)

and find out the possibility of edge contact.

(d) There is no need to apply CAD computer programs for development of finite element models
for finite element analysis.

The development of the solid models and finite element meshes using CAD computer programs is
expensive, requires skilled users of used computer programs, and has to be done for every case of gear
geometry and position of meshing to be investigated.

The developed approach is free of all these disadvantages and is summarized as follows:

Step 1: Using the equations of both sides of tooth surfaces and the portions of the corresponding rim, we

may represent analytically the volume of the designed body. Fig. 10(a) shows the designed body for one-
tooth model of the pinion of a spiral bevel gear drive.
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Step 2. Auxiliary intermediate surfaces | to 6 shown in Fig. 10(b) may be determined. Surfaces 1 to 6
enable to divide the tooth in six volume sectors and control the discretization of these tooth subvolumes into
finite elements.

Step 3. Analytical determination of node coordinates is performed taking into account the number of
desired elements in longitudinal and profile direction (Fig. 10(c)). We emphasize that all nodes of the finite
element mesh are determined analytically and those lying on the tooth surfaces are indeed points belonging
to the real surfaces.

Step 4. Discretization of the model by finite elements using nodes determined in previous step is
accomplished as shown in Fig. 10(d).

Step 5: Setting of boundary conditions for gear and pinion is automatic. Nodes on the sides and bottom part
of the rim portion of the gear are considered fixed (Fig. 11(a)). Nodes on the two sides and bottom part of
the rim portion of the pinion build a rigid surface (Fig. 11(b)). Rigid surfaces are three-dimensional
geometric structures that cannot be deformed but can perform translation or rotation as rigid bodies. They
are also very cost-effective in time since the variables associated with a rigid surface are the translations and
rotations of a single node, known as the rigid body reference node (Fig. 11(b)). The rigid body reference
node is located on the pinion axis of rotation with all degrees of freedom except the rotation around the axis
of rotation of the pinion fixed to zero. The torque is applied directly to the remaining degree of freedom of
the rigid body reference node (Fig. 11(b)).

Step 6: Definition of contacting surfaces for the contact algorithm of the finite element computer program
[7] is automatic as well and requires definition of the master and slave surfaces. Generally, the master
surface is chosen as the surface of the stiffer body or as the surface with the coarser mesh if the two surfaces
are located on structures with comparable stiffness. Finite element mesh for the pinion is more refined than
the one for the gear due to larger curvatures. The gear and pinion tooth surfaces are considered as the master
and slave surfaces, respectively, for the contact algorithm.

6. Numerical Examples

Three examples of design of face-milled spiral bevel gears with different design parameters have been
accomplished for the illustration of the developed theory. Details of the examples of design are represented
in Tables I to 4.

The output from the computations for the examples given are represented in Fig. 12 that shows:

(i)  The bearing contact has a longitudinal direction in Example 1 for an aligned gear drive (Fig. 12(a)).

(i)  The bearing contact in Example 2 (Fig. 12(b)) is deviated from the longitudinal direction to
reduce the shift of bearing contact caused by errors of alignment (see Table 5).

(iii)  Example 3 of design (Fig. 12(c)) shows that the gear drive with a gear ratio close to
1 (N,/N, =26/17) is very sensitive to errors of alignment. The shift of bearing contact due to
misalignment is reduced by larger deviation of the bearing contact from the longitudinal
direction (see Table 5).

(iv)  The function of transmission errors (Fig. 12(d)) for all three examples is indeed a parabolic
function up to 8 arcsec of maximum amount.

NASA/CR—2002-211344 10



Finite element analysis has been performed for all three examples. Fig. 13 shows the three-pair-of-teeth
finite element mesh for example 2. Fig. 14 shows the whole gear drive finite element mesh.

Application of finite element analysis enables permits the investigation of the bearing contact during the cycle
of meshing. Fig. 15 shows the formation of the bearing contact in example 2 at the heel position of the gear.

7. Conclusions

Based on the study conducted, the following conclusions can be made:

(1)  An integrated computerized approach has been developed for design of low-noise spiral bevel
gears with an adjusted bearing contact based on the following ideas:

oY)

(ii)

(iii)

(iv)

)

A parabolic function of transmission errors of limited value of maximum transmission
errors is applied. This permits linear discontinuous functions of transmission errors
caused by misalignment to be absorbed.

The orientation of the bearing contact is adjusted to reduce the shift of contact caused
by errors of alighment.

The approach developed is an iterative procedure based on simultaneous application of
local synthesis and TCA (Tooth Contact Analysis) using modified roll for pinion
generation.

The contacting model for finite element analysis is formed by three teeth and the
boundary conditions, it is automatically designed and does not need intermediate CAD
computer programs for application of finite element analysis.

The same computer language is applied for numerical computations performed for all
stages of design, and automatic generation of finite element models.

(2) The approach developed may also be applied for design of format cut spiral bevel gears,
hypoid gear drives and other gear drives.
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Table 1: Blank data

Examples 1, 2 Example 3

Pinion Gear Pinion Gear
Number of teeth of the pinion and 20 43 T 17 26
gear
Diametral pitch (1/mm) 0.1676 0.2600
Shaft angle (deg.) 90.0000 90.0000
Mean spiral angle (deg.) 32.0000  32.0000 30.0000  30.0000
Hand of spiral RH LH LH RH
Face width (mm) 41.0000  41.0000 20.3700  20.3700
Mean cone distance (mm) 120.9400 120.9400 49.5600  49.5600
Whole depth (mm) 11.2600  11.2600 8.4400 8.4400
Pitch angles (deg.) 249439  65.0561 33.1785  56.8215
Root angles (deg.) 23.1666  61.8166 304500  51.4000
Face angles (deg.) 28.1833  66.8333 38.6000 59.5500
Clearance (mm) 1.1200 1.1200 0.9100 0.9100
Addendum (mm) 6.8900 3.2500 5.0200 2.5100
Dedendum (mmy) 4.3700 8.0100 3.4200 5.9300

Table 2: Parameters and installment settings of the gear head-cutter

Examples 1,2 | Example 3
Average cutter diameter R, (mm) (Fig. 6) 152.4000 44.4500
Point width P, , (mm) (Fig. 6) 3.5560 1.7780
Pressure angle, concave O o (outside blade) (deg.) (Fig. 6) 20.0000 20.0000
Pressure angle, convex (¢, (inside blade) (deg.) (Fig. 6) 20.0000 25.0000
Root fillet radius, concave and convex P, (mm) (Fig. 6) 2.4130 1.1430
Machine center to back AX;, (mm) (Fig. 7) 0.0000 0.0000
Sliding base AX ; (mm) (Fig. 7) 0.0000 0.2000
Blank offset AEm2 (mm) (Fig. 7) 0.0000 0.0000
Radial distance .S, (mm) (Fig. 7) 135.2870 53.5653
Machine root angle ¥, (deg.) (Fig.7) 61.8166 51.4000
Cradle angle g, (deg.) (Fig. 7) 72.8081 54.3532
Velocity ratio 71, 1.1011 1.2250
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Table 3: Parameters and installment settings of the pinion head-cutter

Example 1 Example 2 Example 3
Concave  Convex | Concave Convex | Concave Convex
Cutter point diameter R, (mm) (Fig. 8) 152.7502  152.2802 | 152.6964 152.3493 | 40.4643  48.2959
Pressure angle o, (deg.) (Fig. 8) 18.0000  22.0000 ; 18.0000  22.0000 | 25.0000  20.0000
Root fillet radius p, (mm) (Fig. 8) 1.0160 1.0160 1.0160 1.0160 0.7620 0.7620
Machine center to back AX |, (mm) (Fig. 8) 2.2268 -1.7319 2.2066 -1.8271 -1.2392 0.7604
Sliding base AX, (mm) (Fig. 9) -0.8572 0.7002 -0.8492 0.7376 0.0559 -0.9574
Blank offset AE, (mm) (Fig. 9) 114197 -11.8235 7.7182 -6.8138 1.8219 -1.5402
Radial distance S, (mm) (Fig. 9) 125.3700 145.6443 | 128.8831 140.9091 | 52.1695  55.2535
Machine root anglia ¥,. (deg.) (Fig. 9) 23.1666  23.1666 | 23.1666  23.1666 | 30.4500  30.4500
Cradle angle g, (deg.) (Fig.9) 73.0017 719026 | 734721  71.3245 | -54.5158 -44.4546
Velocity ratio m,_ 2.2467 2.4848 2.2941 2.4260 1.8286 1.9251
Coefficient b, of modified roll (Eq. (2)) 0.00011  -0.00012 | 0.00006 -0.00005 | -0.00002 -0.00013
Coefficient b, of modified roll (Eq. (2)) 0.02845 -0.03079 | 0.01772 -0.01579 | 0.00582 -0.00852
Table 4: Parameters for local synthesis
Example 1 Example 2 Example 3
Concave  Convex | Concave Convex Concave  Convex
Direction of path of contact 77, (deg.) (Fig. 1) 154.0000  171.0000 | 152.0000 168.0000 | 148.0000  155.0000
Length major axis contact ellipse 2a (mm) (Fig. 1) 12.0000 12.0000 | 12.0000 12.0000 8.0000 9.0000
Derivative of gear ratio function 77, 0.003144  -0.003144 | 0.003144  -0.002555 | -0,002555  0.002555
Elastic approach ¢ (mm) 0.00635 0.00635 | 0.00635 0.00635 0.00635 0.00635
Table 5: Errors of alignment allowed in examples 2 and 3
Example 2 ' Example 3
Maximum Minimum Maximum Minimum
Axial displacement of the pinion, AA, 0.320 mm -0.350 mm 0.100 mm -0.060 mm
Axial displacement of the gear, AA, 0.250 mm -0.150 mm 0.200 mm -0.150 mm
Change of shaft angle, Ay 1.000deg. | -0.800 deg. 1.000 deg. -1.000 deg.
Shortest distance between axes, AE 0.150 mm -0.100 mm 0.100 mm -0.100 mm
NASA/CR—2002-211344 14



Instantaneous contact ellipse

Tangent plane T at point M

7 Tangent to the path of
! contact at point M

Figure 1.—Tllustration of parameters 1], and a applied for local synthesis.
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Figure 2.—Tangency of tooth surfaces of a gear drive.
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Tangent plane T at point M

Figure 3.— Projections of various path of contact L, on tangent plane T .
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Figure 4.—Illustration of computations for determination of S, (#,,): (a) interpolation line for the
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Figure 5.—(a) Illustration of variation of coefficient b, of modified roll; (b) illustration of

variation of coefficient b, of modified roll.
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Figure 6.—Blade and generating cones for gear generating tool: (a) illustration of head-cutter blade;
(b) and (c) generating tool cones for concave and convex sides.
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Figure 7.—Coordinate systems applied for gear generation: (a) and (b) illustration of
tool installment for generation of right- and left-hand gears; (c) illustration of
corrections of machine-tool settings.
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Figure 8.—Blades and generating cones for pinion generating tool with straight blades:
(a) convex side blade; (b) convex side generating cone; (c) concave side blade;
(d) concave side generating cone.
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Figure 9.—Coordinate systems applied for the pinion generation: (a) and (b) illustration of
tool installment for generation of right- and left-hand pinions; (c) illustration of
corrections of machine-tool settings.
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Figure 10.—Illustrations of (a) the volume of designed body, (b) auxiliary intermediate surfaces,
(c) determination of nodes for the whole volume, and (d) discretization of the volume by finite elements.

NASA/CR-—2002-211344 24



Boundary Conditions for the Gear
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Figure 11.—(a) Boundary conditions for the gear and (b) schematic representation of
boundary conditions and application of torque for the pinion.
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Figure 12.—Bearing contact represented on the gear surface and predesigned function of transmission
errors: (a) longitudinally oriented bearing contact for gear drive of example 1; (b) adjusted bearing contact
for gear drive of example 2; (c) adjusted bearing contact for gear drive of example 3;

(d) function of transmission errors for examples 1, 2, and 3.
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Figure 13.—Example 2: three-pair-of-teeth finite element mesh.
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Figure 14.—Example 2: whole gear drive finite element mesh.
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Bending stress: 143 N/mm2

Figure 15.—Example 2: Bearing contact at heel contact point.
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